Apoptosis and the subsequent clearance of dying cells occurs throughout development and adult life in many tissues. Failure to promptly clear apoptotic cells has been linked to many diseases [1][2][3] . ELMO1 is an evolutionarily conserved cytoplasmic engulfment protein that functions downstream of the phosphatidylserine receptor BAI1, and, along with DOCK1 and the GTPase RAC1, promotes internalization of the dying cells [4][5][6][7] . Here we report the generation of ELMO1-deficient mice, which we found to be unexpectedly viable and grossly normal. However, they had a striking testicular pathology, with disrupted seminiferous epithelium, multinucleated giant cells, uncleared apoptotic germ cells and decreased sperm output. Subsequent in vitro and in vivo analyses revealed a crucial role for ELMO1 in the phagocytic clearance of apoptotic germ cells by Sertoli cells lining the seminiferous epithelium. The engulfment receptor BAI1 and RAC1 (upstream and downstream of ELMO1, respectively) were also important for Sertoli-cell-mediated engulfment. Collectively, these findings uncover a selective requirement for ELMO1 in Sertoli-cell-mediated removal of apoptotic germ cells and make a compelling case for a relationship between engulfment and tissue homeostasis in vivo.
. ELMO1 is an evolutionarily conserved cytoplasmic engulfment protein that functions downstream of the phosphatidylserine receptor BAI1, and, along with DOCK1 and the GTPase RAC1, promotes internalization of the dying cells [4] [5] [6] [7] . Here we report the generation of ELMO1-deficient mice, which we found to be unexpectedly viable and grossly normal. However, they had a striking testicular pathology, with disrupted seminiferous epithelium, multinucleated giant cells, uncleared apoptotic germ cells and decreased sperm output. Subsequent in vitro and in vivo analyses revealed a crucial role for ELMO1 in the phagocytic clearance of apoptotic germ cells by Sertoli cells lining the seminiferous epithelium. The engulfment receptor BAI1 and RAC1 (upstream and downstream of ELMO1, respectively) were also important for Sertoli-cell-mediated engulfment. Collectively, these findings uncover a selective requirement for ELMO1 in Sertoli-cell-mediated removal of apoptotic germ cells and make a compelling case for a relationship between engulfment and tissue homeostasis in vivo.
As part of several developmental processes throughout life, we generate excess or superfluous cells; only a small subset of these cells are deemed 'fit' for further maturation, and the rest undergo apoptosis and are quickly cleared. Examples of such developmental processes include haematopoiesis in the bone marrow and spermatogenesis in the testes. Several mammalian signalling proteins regulating engulfment have been recently identified on the basis of cell culture studies 8, 9 , but our understanding of signalling mechanisms that regulate clearance in vivo in mammals is limited. To better understand the in vivo requirement for the engulfment protein ELMO1, we generated mice with targeted deletion of Elmo1. Murine ELMO1 is a 727-aminoacid protein encoded by 21 exons (ref. 6 and Supplementary Fig. 1c ). We inserted loxP sites flanking exon 5 as it encodes a key functional region (an evolutionarily conserved Armadillo repeat 10 ) (Supplementary Fig. 1c ). Transgenic expression of ELMO1 lacking exon 5 failed to rescue the distal tip cell migration defects in a C. elegans strain mutant for ced-12 (refs 4-7), the Elmo1 orthologue, whereas wild-type ELMO1 was able to do so ( Supplementary Fig. 1b ). Mice with ubiquitous deletion of Elmo1 exon 5 in all tissues (using EIIa-Cre), showed ,90% reduction in Elmo1 messenger RNA and a complete loss of ELMO1 protein (Fig. 1b, c and Supplementary Fig. 2d ). Although we were expecting embryonic lethality due to the widespread expression of ELMO1 in many cell types/tissues 6 , surprisingly, Elmo1 2/2 mice were born at the predicted Mendelian ratios from Elmo1 1/2 matings, without gross abnormalities (not shown derived) and fibroblasts from Elmo1 2/2 mice engulfed apoptotic thymocytes comparable to controls ( Supplementary Fig. 2a-c) . This lack of an apparent defect due to loss of ELMO1 may result in part from a compensatory upregulation of ELMO2 ( Supplementary Fig. 2d and data not shown). Intriguingly, Sertoli cells from Elmo1 2/2 mice failed to show a compensatory increase in ELMO2 levels (Fig. 1b, c) , and the testes of these mice showed a severe defect, which we pursued further.
Sertoli cells are large cells (.40 mm in diameter at basal surface) that line the seminiferous tubules of the testes and have a crucial support/nursing role throughout germ cell differentiation [11] [12] [13] . During spermatogenesis, non-viable or genetically compromised germ cells (comprising up to 75%), die by apoptosis and are cleared by Sertoli cells 14, 15 . However, signalling pathways regulating Sertolicell-mediated clearance of apoptotic germ cells are not well understood. Expression of ELMO1 and DOCK1 proteins was detected in the Sertoli cells (but not germ cells) of normal mice ( Fig. 1a and Supplementary Fig. 1a ). ELMO1 protein was also detected in mouse Sertoli cell lines (TM4 and 15P-1) ( Supplementary Fig. 1a , and not shown).
Histological examination of the testes from six-to eight-week-old Elmo1 2/2 mice revealed a striking disruption of the normal cellular organization of the seminiferous epithelium (Fig. 1e) . There was also an increase in the number of multinucleated giant cells in the Elmo1 2/2 mice (Fig. 1d, e) , and there were abundant vacuolar spaces (Fig. 1e) . Giant cells arise from spermatocytes that abort meiosis and appear as a syncitium. Appearance of such giant cells is linked to defective spermatogenesis in genetically altered mice and in human pathologies linked to infertility 16, 17 . These observations suggested that ELMO1 is required for normal homeostasis of the seminiferous epithelium in mice.
Although ,75% of germ cells die by apoptosis, very few apoptotic cells are seen in the normal testes ( Fig. 2a and ref. 18 ). Elmo1 2/2 mice had a significantly higher number of apoptotic germ cell nuclei relative to littermate controls (Fig. 2a, b) . The fraction of seminiferous tubules containing cell corpses was increased in Elmo1 2/2 mice (not shown), as was the average number of corpses per tubule (Fig. 2b) , with some tubules having .20 apoptotic cells (Fig. 2a) . Thus, the loss of ELMO1 seemed to significantly increase the incidence and frequency of tubules containing uncleared apoptotic cells. Although we have previously established that the majority of apoptotic germ cells occur in the early and middle stages of spermatogenesis 19 (stages I-VIII), owing to the severe disruption of the seminiferous epithelium in the Elmo1 2/2 mice, we were unable to definitively determine the stages where the increased apoptotic nuclei are seen (Figs 1e and 2a). It is noteworthy that there was no significant difference between the control and Elmo1 2/2 mice in the total numbers of Sertoli cells isolated, their morphology or the expression of Sertoli cell markers (Fig. 2c-e and Supplementary Fig. 4a ). Thus, the development and maintenance of Sertoli cell numbers seem to occur normally in mice lacking ELMO1.
We next asked whether the loss of ELMO1 affected the ability of Sertoli cells to engulf apoptotic germ cells. A technical issue in performing engulfment assays using germ cells is that Sertoli cells are also nurse cells and therefore can bind to both live and apoptotic germ cells. To distinguish bound and internalized germ cells, the targets were labelled with a pH-dependent fluorescent dye (CypHer5) that has significantly enhanced fluorescence upon uptake and entry of apoptotic cells into the acidic environment of the phagolysosome ( Fig. 2g and Supplementary Fig. 4c ). Sertoli cells from Elmo1 2/2 mice showed significant reduction in the internalization of apoptotic germ cells as determined by fluorescence microscopy and flow cytometry (Fig. 2e , g, h and Supplementary Figs 3 and 4c ). Sertoli cells from Elmo1 2/2 mice were also significantly impaired in their ability to engulf negatively charged 2.1-mm carboxylate-modified beads, which can serve as surrogate apoptotic targets 7 (Fig. 2e , f and Supplementary  Figs 3 and 4b) . These data suggested that the defective engulfment of apoptotic germ cells by Sertoli cells in the absence of ELMO1 could have contributed to the phenotype of the Elmo1 2/2 mice. To test directly the requirement for ELMO1 in Sertoli cells, we crossed mice carrying a floxed Elmo1 allele (Elmo1 F ; Supplementary  Fig. 1c ) with Amh-Cre transgenic mice, where the Cre recombinase is expressed under control of the anti-Mullerian hormone promoter specific to Sertoli cells 20 . Sertoli-specific deletion in this system was confirmed using a yellow fluorescent protein (YFP) reporter strain crossed with the Amh-Cre transgenic mice ( Supplementary Fig. 5a , b). Moreover, Elmo1 mRNA was specifically reduced in the Sertoli cells in the Amh-Cre/Elmo1 F/F mice (Fig. 3b) . Analysis of the seminiferous epithelium of the Amh-Cre/Elmo1 F/F mice showed a significant increase in the number of uncleared apoptotic nuclei relative to control littermates (3.6-fold, P 5 0.04; Fig. 3a, c) . We also noted that the disruption of the seminiferous epithelium observed in 
Elmo1
2/2 mice was not readily detected in the Amh-Cre/Elmo1
F/F mice, possibly due to residual ELMO1 expression (Fig. 3b ). This less severe phenotype in the Amh-Cre/Elmo1 F/F context allowed us to stage the seminiferous tubules with respect to spermatogenesis; 90% of the detectable apoptotic nuclei in the Amh-Cre/Elmo1 F/F mice were restricted to the early and middle stages of spermatogenesis ( Supplementary Fig. 5c ), similar to the littermate controls. To determine whether loss of ELMO1 affected spermatogenesis in these mice, we quantified sperm production in the Amh-Cre/Elmo1 F/F mice. Relative to littermate controls, these mice displayed a reduction in mature sperm at eight weeks of age (n 5 6-8 testis per group, P 5 0.007; Fig. 3d ). Taken together, these data suggested a specific requirement for ELMO1 in the Sertoli-cell-dependent homeostatic clearance of apoptotic germ cells in vivo, with consequences for sperm production.
We also tested the ELMO1 signalling pathway in Sertoli cell lines in vitro. Overexpression of ELMO1 in the TM4 Sertoli cell line promoted phagocytosis, and expression of a previously known dominant-negative mutant of ELMO1 (T625 21 ) inhibited uptake of apoptotic targets (Fig. 3e) . ELMO1 in Sertoli cells also seemed to be enriched around targets during engulfment ( Supplementary Fig. 4d ). Previously, ELMO1, along with DOCK1, has been shown to function as a guanine nucleotide exchange factor for the GTPase RAC1 and thereby promote cytoskeletal rearrangement during engulfment 6, 21 . Overexpression of wild-type ELMO1 consistently enhanced RAC-GTP levels, whereas the ELMO1-T625 mutant failed to enhance RAC-GTP (Fig. 3f) . Furthermore, short-interfering-RNA-mediated depletion of RAC1 in TM4 cells reduced the phagocytic capacity by .75% (Fig. 3g) , indicating that RAC1 is necessary for Sertoli cell engulfment. Thus, ELMO1 seems to promote downstream activation of RAC1 during phagocytosis by Sertoli cells.
We next sought to gain a better understanding of how Sertoli cells recognize apoptotic germ cells and of the role of known upstream engulfment receptors in signalling to ELMO1. Uptake of apoptotic targets by Sertoli cells was phosphatidylserine (PtdSer)-dependent as determined by addition of annexin V, which masks the recognition of PtdSer on targets (data not shown). Furthermore, Sertoli cells could mediate the specific recognition and internalization of fluorescently labelled phosphatidylserine-containing bubbles, but not control bubbles containing only phosphatidylcholine (Fig. 4a) . We then assessed the relative expression of three recently identified PtdSer recognition receptors, Bai1, Tim4 (also known as Timd4) and Stab2, in primary murine Sertoli cells 7, 22, 23 . Remarkably, Bai1 was expressed the most in Sertoli cells, with Stab2 and Tim4 at or below the limits of detection (Fig. 4b) . Although several TIM family members (TIM1 (HAVCR1), TIM3 (HAVCR2) and TIM4) have been linked to PtdSer recognition, none of these seemed to be expressed in the testes (Mammalian Reproductive Genetics Database). BAI1 (brain-specific angiogenesis inhibitor 1) is a seven-transmembrane protein belonging to the type II adhesion G-protein-coupled receptor family, with an extended extracellular domain that can recognize PtdSer by means of thrombospondin type 1 repeats (TSR). BAI1 also interacts through its cytoplasmic tail with ELMO1, and can activate RAC through the ELMO1-DOCK1 complex, thereby promoting apoptotic cell phagocytosis 7 . Transfection of TM4 Sertoli cells with BAI1 siRNA led to a significant reduction in engulfment (41.3% engulfment in cells treated with control siRNA relative to 31% in cells treated with Bai1 siRNA, n 5 3, P , 0.05; Fig. 4c ).
Before addressing the potential role of BAI1 in engulfment in vivo, we designed an in vivo model in which apoptotic targets can be injected into the rete testes of mice by in vivo micropuncture, providing a retrograde filling of the seminiferous tubules (Fig. 4d) . We injected surrogate apoptotic targets (fluorescently labelled 2.1-mm carboxylate-modified beads) into the rete testes of mice, and 24 h later prepared cryosections or squash preparations of the testes. Introduction of targets by this approach filled the seminiferous tubules on the luminal side of the testes and the beads specifically clustered/ingested along the lining of the tubule where Sertoli cells were present (Fig. 4d) . We also established conditions for introducing soluble proteins/peptides into the interstitium of the testes by intratesticular injection. To address the potential role of BAI1 in engulfment by Sertoli cells in vivo, we used a soluble fragment containing the TSR region of BAI1 (denoted GST-BAI1-TSR) 7 that strongly blocked the in vitro binding/internalization of apoptotic targets to murine Sertoli cells (Fig. 4e) . We microinjected soluble BAI1-TSR peptide into the interstitium of one testis and the control protein GST into the second testis of the same animal (three mice per group). After eight days, we analysed the testes and made three striking observations. First, there was a marked increase in apoptotic germ cell nuclei, analogous to the genetic disruption of Elmo1 (Figs 1e and  4f) . Second, we also saw a marked disruption of the seminiferous epithelium similar to that in the Elmo1 2/2 mice (Figs 1d and 4f) . Third, injection of BAI1-TSR also led to reduced levels of mature sperm in the testes (Fig. 4g) . Thus, the acute disruption of apoptotic cell recognition through BAI1-TSR confirms and extends the phenotype seen in mice with genetic deletion of Elmo1 in Sertoli cells.
Collectively, these studies define a mammalian engulfment signalling pathway required for efficient clearance of apoptotic germ cells, and identify a non-redundant role for the cytoplasmic engulfment protein ELMO1 and its upstream engulfment receptor BAI1 in this process 6,7 . Our findings also provide a formal genetic link between ELMO1 and one of the key functions of Sertoli cells, that is, the clearance of apoptotic germ cells.
Although it has long been proposed that clearance of dying cells is a key component of organogenesis in mammals, genetic models demonstrating this have been minimal. The data presented here using conditional Elmo1 knockout mice provides such an example. However, our work does not exclude contribution from other signalling pathways that may operate concurrently for Sertoli-cell-mediated clearance of apoptotic germ cells. Other corpse-recognition mechanisms may also be operational in Sertoli-cell-mediated clearance of apoptotic germ cells, and testes homeostasis, including scavenger receptors (SRB1 (SCARB1) and CD36) 24, 25 and MER (MERTK)/AXL/TYRO3 family members 26, 27 , although signalling downstream of these receptors is not well defined. Additional PtdSer recognition/bridging molecules (such as MFG-E8 (MFGE8)) and integrins expressed in the testes may provide further redundancy in corpse clearance 28, 29 , and whether ELMO1 may participate in signalling downstream of these additional recognition mechanisms in Sertoli cells is unclear. The less pronounced phenotype in the Amh-Cre/Elmo1 F/F mice relative to Elmo1 2/2 mice suggests that ELMO1 may also have a role in other cell types in the testes. Finally, this work reveals a connection between efficient corpse clearance and spermatogenesis that may open up new avenues of investigation into immune privilege in the testes and removal of non-viable germ cells. Because the failure to promptly recognize and clear dying cells has deleterious consequences (such as autoimmunity) 28, 30 , defining the engulfment steps during germ cell clearance could be important for disease states such as orchitis, and loss of tolerance to testicular antigens.
METHODS SUMMARY
Mice. We generated mice with a floxed exon 5 Elmo1 locus by standard genetargeting methods (Methods). Ubiquitous and Sertoli-cell-specific deletion of Elmo1 was achieved by crossing Elmo1 floxed mice with EIIa-Cre and Amh-Cre mice, respectively (Jackson Labs). Cell culture. Primary mouse Sertoli cells were extracted from testes of 10-12-day-old mice and cultured for seven days at 34 uC on the basis of previously published methods. Purity of Sertoli cell populations were determined by immunofluorescence staining for Sertoli markers. TM4 Sertoli cells were transfected with indicated plasmids or siRNA by Amaxa Nucleofection. Phagocytosis assays. Apoptotic germ cells were prepared by extracting seminiferous tubules of 10-14-week-old C57BL/6J mice and culturing at 34 uC for 18 h. The non-adherent germ cell fraction was collected, with 40-50% of cells being apoptotic (annexin V 1 /propidium iodide 2 ). Germ cells labelled with 5 mm CypHer5 were incubated with Sertoli cells at a 10:1 germ cell/Sertoli ratio for 2 h at 34 uC and analysed by flow cytometry. Phagocytosis of 2.1-mm carboxylate beads or the PtdSer/phosphatidylcholine liposomes was carried out as previously described 7 . Immunodetection and quantitative PCR. Immunohistochemical analyses of testes sections were conducted as previously described 18 . For immunofluorescence microscopy, Sertoli cells were plated on plastic chamber slides and cultured overnight before adding apoptotic germ cells or beads (3 h at 34 uC). After extensive washing, cells were fixed with 3.2% paraformaldehyde and stained overnight at 4 uC with the indicated antibodies or for 1 h at 25 uC with phalloidin. Quantitative PCR was performed on complementary DNA derived from 50-100 ng DNase-treated RNA using the Step One Plus instrument and TaqMan probes (Applied Biosystems). Intratesticular injection and sperm quantification. Recombinant GST or GST-BAI1-TSR proteins were synthesized as previously described 7 . Ten micrograms of protein were injected intratesticularly, and testes were collected for immunohistochemistry (after 24 h) or sperm counts (after eight days) (Methods).
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature. 
METHODS
Antibodies and reagents. The anti-ELMO1 antibody has been described previously 21 . Anti-ELMO2 was generated by immunizing rabbits with GST-tagged full-length mouse ELMO2. Anti-ELMO1 antibody (for immunohistochemistry), Erk2, Dock180, anti-Mullerian hormone and cathepsin L antibodies were purchased from Santa Cruz Biotechnology. Other antibodies were purchased from the following sources: RAC1 (Upstate Biotechnology), F7-26 anti-ssDNA (apostain; Alexis Biochemicals), b-actin (Sigma-Aldrich) and GFP (Invitrogen). DNA oligonucleotides were obtained from Integrated DNA Technologies. Reagents used for isolation and routine culture of Sertoli cells were purchased from Sigma Aldrich and Invitrogen. Elmo1 conditional knockout mice. The Elmo1 targeting vector was generated using a 11.5-kb BamHI-XhoI fragment of Elmo1 genomic DNA containing exon 5 isolated from a Sv/129 mouse strain BAC library (Incyte Genomics). The 59 and 39 homology arms were inserted into the pK11-frt-PgkNeo-frt-loxP plasmid 31 using standard subcloning procedures. For the 59 homology arm, a 3.0-kb BglIIto-ApaI fragment was inserted 59 to the frt-flanked neomycin resistance cassette. For the 39 homology arm, the 4.3-kb ApaI-to-AvrII fragment containing exon 5 was inserted 39 of the neomycin cassette. A loxP site was introduced into the ApaI site 39 of the second frt sequence. A second loxP site was inserted into the KpnI site 2.3 kb downstream of the first loxP site to flank exon 5 to allow conditional Cre-mediated deletion. The entire Elmo1 region of the targeting construct was sequenced to ensure fidelity. IB10 ES cells were electroporated with 20 mg of SacIlinearized vector and selected with 200 mg ml 21 Geneticin (Invitrogen) on mitomycin-C-treated MEF cells. Of 224 neomycin-resistant ES clones screened, two were positive for homologous recombination as determined by PCR and Southern blotting using multiple restriction enzymes and probes (Supplementary Fig. 1d and data not shown). After blastocyst injections, chimaeras were bred with C57BL/6J mice. The offspring were then crossed with b-actin/Flp mice (Jackson) to delete the neomycin cassette, yielding mice carrying a floxed Elmo1 exon 5 allele (Elmo1 F ; Supplementary Fig. 1d ). For the straight Elmo1 knockout, mice with a floxed Elmo1 allele were crossed with EIIa-Cre mice (Jackson) expressing Cre from the two-cell stage of embryonic development to delete Elmo1 exon 5 in all tissues 32 . These mice were then crossed with C57BL/6J to remove Flp and Cre from the background. Resulting mice, lacking Flp and Cre, were then intercrossed to obtain the straight knockout mice used for this study.
For Sertoli-cell-specific targeting, mice expressing Cre under control of the anti-Mullerian hormone promoter (Amh-Cre) were obtained from Jackson Laboratory 20 . Specificity of Cre-mediated deletion in Sertoli cells was tested by crossing Amh-Cre1 males with female Rosa26-YFP mice expressing EYFP in the Rosa26 locus downstream of a loxP-flanked STOP cassette 33 . The testes of mice positive for YFP and Amh-Cre were tested for Sertoli-specific deletion of the STOP cassette (by YFP expression) by immunohistochemistry and confocal fluorescent imaging of whole-mounted seminiferous tubules ( Supplementary  Fig. 5 ). For targeted deletion of Elmo1 in Sertoli cells, Elmo1 F/F females were crossed with Amh-Cre 1 /Elmo1 F/W males to obtain the Amh-Cre1/Elmo1
F/F mice used in this study. Mouse genotyping. Genotyping by Southern blot was carried out using probes generated by PCR from Elmo1 BAC template DNA. Two probes, one 59 (SBP2) and the other 39 (SBP5) of the targeting sequence were generated using the following primers: SBP2 (F), 59-tctcctcctgctttctcattccgt-39; SBP2 (R), 59-ggcc tgttacagttagagagaaccca-39; SBP5 (F), 59-tctcccctttgccaatcccacatc-39; SBP5 (R), 59-cagctgcggagggactttaaggaa-39. Southern blotting of genomic DNA cut with BglI yielded the predicted fragments of 10 kb (wild type), 4.9 kb (targeted) and 8.1 kb (Elmo1
D5
) for both probes. Also, NheI and SacI double digestion of DNA produced the predicted fragments of 10.6 kb (wild type) and 8.6 kb (Elmo1 D5 ) mice by Southern blotting with SBP2.
Routine genotyping of mice was done by PCR using the following primers: Elmo1 wild type (F), 59-acccatatcaggctgcccacataa-39; Elmo1 wild type (R), 59-atgcaatgtgagcagcattccctc-39; Elmo1 D5 (F), 59-gcttcctgacggtggatgcaatgt-39; Elmo1 D5 (R), 59-ggccgcgtcgacgaagttcctata-39. For detection of wild type versus floxed Elmo1 alleles, Elmo1 wild-type primers were used and yielded amplicons of 302 bp (wild type) and 342 bp (floxed). For detection of wild type versus exon 5 deleted alleles, all four primers were used in a single PCR reaction and yielded bands of 302 bp (wild type) and 338 bp (D5). PCR screening for Amh-Cre was done using the PCR primers and conditions recommended by the provider. Sertoli cell isolation and tissue culture. For isolation of primary murine Sertoli cells according to previously published methods 34 , 10-12-day-old animals were euthanized and the testes removed and decapsulated in HBSS. The seminiferous tubules were washed once in HBSS and then gently dispersed in HBSS/0.25% trypsin/10 mg ml 21 DNase using fine tweezers. To this, 0.25% final soybean trypsin inhibitor (SBTI) was added and the supernatant containing interstitial cells was discarded. Dispersed tubules were then resuspended in HBSS/1 M glycine/2 mM EDTA/0.01% SBTI/10 mg ml 21 DNase and incubated at room temperature (25 uC) for 10 min and centrifuged at 1,000g for 2 min. The tubules were resuspended in HBSS/1 mg ml 21 hyaluronidase/10 mg ml 21 DNase, minced with a razor and incubated for 30 min in a 37 uC shaking water bath. Resulting fragments were allowed to sediment in a tube for 10 min at room temperature and then the suspended material was removed and Sertoli-cell-enriched fragments were washed in HBSS by centrifugation. The fragments were then incubated with HBSS/1 mg ml 21 hyaluronidase/10 mg ml 21 DNase and incubated for 30 min in a 37 uC shaking water bath to release Sertoli cells. Cells were then washed once in HBSS and resuspended in complete Sertoli medium (F12/ DMEM medium with 10% HIFBS, 1% Na pyruvate, 15 mM HEPES (pH 7.4), 5 mg ml 21 transferrin, 2.5 ng ml 21 EGF, 10 mg ml 21 insulin, 1% Pen-Strep). Cells were plated on 10-cm tissue culture dishes and incubated at 34 uC in 5% CO 2 . After two days, non-adherent cells were removed by washing with complete medium. Fresh complete medium was added and the adherent Sertoli cells were incubated at 34 uC in 5% CO 2 for four more days. Cells were then collected by trypsinization, and the total number of Sertoli cells was counted by trypan exclusion on a haemacytometer (Fig. 2c) and replated as indicated. This population was found to be .90% positive for Sertoli markers cathepsin L and anti-Mullerian hormone by immunofluorescence microscopy ( Fig. 2d and Supplementary Fig. 4a ).
For apoptotic germ cell preparation, testes of 8-14-week-old C57BL/6J mice were prepared as above except that the non-adherent cells were collected after 18-24 h. This population was found to be 40-50% apoptotic by flow cytometry (Annexin V 1 /propidium iodide 2 ; data not shown). TM4 and 15-P1 Sertoli cells were routinely cultured using the same conditions as primary Sertoli cells. Phagocytosis assays (beads, cells, bubbles). Sertoli phagocytosis assays were carried out in a 24-well plate in either complete Sertoli medium for primary Sertoli or in simplified medium (F12/DMEM, 10% HIFBS, Pen-Strep) for TM4 and 15P-1 cells. For bead engulfment, 6 ml of red fluorescent 2.1-mm carboxylate beads (Invitrogen) in 500 ml medium per well were incubated for 2 h at 34 uC in 5% CO 2 . For germ cell engulfment, apoptotic germ cells were labelled with 5 mM CypHer5 dye (GE Life Sciences) in HBSS for 30 min at 37 uC in 5% CO 2 . After washing, 5 3 10 5 germ cells in 500 ml engulfment medium per well were added to the Sertoli cells, centrifuged at 50g for 30 s and incubated at 34 uC in 5% CO 2 for 2 h. Microbubble uptake was performed as previously described for a total of 30 min (ref. 7). For analysis of all phagocytosis assays, wells were washed five times with cold HBSS, trypsinized, and brought to 400 ml final volume with engulfment medium. Samples were analysed by flow cytometry. Immunohistochemistry. Testes were fixed in Bouin's solution and paraffinembedded, and 8-mm cross-sections were prepared. Immunodetection was carried out as previously described using the indicated antibodies 18 . For enumeration of apoptotic cells, apostain-labelled sections were examined under 312.5 magnification and the total number of tubules and apoptotic cells were counted from at least two sections per testis per mouse. Giant cell analysis. Testes were fixed in Bouin's solution and cross-sections prepared and stained with haematoxylin and eosin. Giant cells were identified by their characteristic features of having multiple ($2) round spermatid nuclei in a syncytial body present in the lumen. For each section of testis, the total number of giant cells and the total number of seminiferous tubules were counted and the average number of giant cells per tubule determined (Fig. 1d) . Immunofluorescence microscopy. Primary murine Sertoli cells were plated in culture medium on LabTek II chamber slides (Nunc) at (3-5) 3 10 4 cells per well and cultured overnight. Cells were washed and fixed with 3.2% paraformaldehyde in PBS for 10 min at room temperature and permeabilized in 0.2% Triton X-100 in PBS for 2 min at room temperature. After blocking with 1% BSA/PBS, cells were stained with the indicated primary antibody (1:100, 4 uC overnight) or phalloidin-Alexa488 (Invitrogen) at 1:50 for 1 h at room temperature. After washing, cells were incubated with fluorochrome-labelled secondary antibodies for 1 h at room temperature, washed and mounted with ProLong Gold 1 DAPI (Invitrogen). Microscopy was performed using the Axio Imager 2 (Zeiss). qPCR. DNAase-I-treated RNA was obtained by RNeasy (Qiagen), and 50-100 ng of RNA was used as a template to generate cDNA using Superscript III SuperMix (Invitrogen). qPCR was performed using gene-specific TaqMan probes on a StepOne Plus Real-Time PCR instrument (Applied Biosystems). TaqMan probes used are as follows: mElmo1 (Mm00519109_m1), mElmo2 (Mm01248046_m1), mElmo3 (Mm00555221_g1), mBai1 (Mm00558144_m1), mTim4 (Mm00724709_m1), mStab2 (Mm00454684_m1), mGapdh (4352339E). RAC-GTP assay. The amount of endogenous active (GTP-bound) RAC was assayed by precipitation of cell lysates using GST-CRIB beads as previously described 35 . Briefly, 24 h after plasmid transfection TM4 cells were washed twice and lysed. The cell lysates were incubated with 30 mg of GST-CRIB immobilized
